The evolution of host resistance to parasites, shaped by associated fitness costs, is crucial for epidemiology and maintenance of genetic diversity. Selection imposed by multiple parasites could be a particularly strong constraint, as hosts either accumulate costs of multiple specific resistances or evolve a more costly general resistance mechanism. We used experimental evolution to test how parasite heterogeneity influences the evolution of host resistance. We show that bacterial host populations evolved specific resistance to local bacteriophage parasites, regardless of whether they were in single or multiple-phage environments, and that hosts evolving with multiple phages were no more resistant to novel phages than those evolving with single phages. However, hosts from multiple-phage environments paid a higher cost, in terms of population growth in the absence of phage, for their evolved specific resistances than those from single-phage environments. Given that in nature host populations face selection pressures from multiple parasite strains and species, our results suggest that costs may be even more critical in shaping the evolution of resistance than previously thought. Furthermore, our results highlight that a better understanding of resistance costs under combined control strategies could lead to a more 'evolution-resistant' treatment of disease.
INTRODUCTION
Parasites are an ever-present force in nature and, through their negative effects on host fitness, can exert strong selection on host populations for increased resistance. Multiple studies have demonstrated parasite-mediated selection for host resistance both in the laboratory [1] [2] [3] [4] [5] [6] [7] [8] and in natural populations [9] [10] [11] [12] . Despite this propensity of hosts to evolve increased resistance, many natural populations are polymorphic with respect to resistance traits and disease remains ubiquitous. One reason for this might be that the evolution of resistance to local parasites carries a fitness cost for the host, such as reduced fecundity, that decreases the likelihood of fixation of resistance in a population. Indeed, costs associated with resistance to parasites have been demonstrated in a wide array of hosts, including bacteria [13] , protozoa [6] , nematodes [7] , insects [2, 3, 5] , crustaceans [11] , molluscs [8, 14] , flowering plants [15, 16] , birds [17] and mammals [18] . A number of recent reviews, though, have emphasized that these costs are commonly not observed [19, 20] . One explanation for this inconsistency in apparent fitness costs could be that resistance to a single parasite, as measured in most experimental studies, is not always costly, but that resistance to many different parasites, which is the common problem in nature, carries a more pronounced cost. Hence, a better understanding of fitness costs associated with evolving resistance against multiple parasites may provide key insight into how trade-offs maintain variation in resistance and shape the coevolutionary process.
There are at least two ways in which costs of resistance might increase with a host's breadth of resistance (i.e. the number of parasite genotypes and/or species that it successfully resists). First, resistance to an increasing number of parasite types might incur additive fitness costs, whereby each specific resistance carries its own costs that are compounded over time. This scenario might apply if resistance to one parasite does not correlate with resistance to another. Second, a diverse parasite assemblage could select for a more general resistance mechanism, which is itself more costly (but potentially less effective against a specific parasite) than single specific resistance mechanisms [21] . Notably, the existence of both specific and general resistance mechanisms could confound estimates of resistance costs against single parasites. This is because costly specific resistance and non-specific resistance are predicted to be negatively correlated: selection is unlikely to simultaneously favour both strategies. As such, high levels of specific resistance may appear to have fitness benefits in the absence of parasites against a background of hosts with more general resistance [21] . Thus, to fully appreciate the importance of fitness costs associated with resistance in shaping phenotypic diversity, we must examine resistance-fitness trade-offs in environments with more complex parasite-mediated selection.
One powerful way to explore the context-dependent nature of fitness costs is to use experimental evolution. This approach has provided clear evidence for costs of resistance in a number of systems [2,3,5 -8,16,22] and allows for direct measurement of costs resulting either from pleiotropy or linkage and for distinction between genetic constraint and phenotypic correlation [23] . Interactions between bacteria and their viral parasites (phages) have proven particularly useful model systems for understanding host -parasite interactions over ecological and evolutionary timescales [24, 25] . In these tightly paired interactions, phages bind to bacterial cells, inject their own genetic material and hijack the bacterial replication machinery in order to replicate. Lytic phages are obligate killers of their host cells, as they require cell lysis for the release of viral progeny and subsequent transmission. Therefore, they have the potential to impose strong selection on bacterial populations. Although phages are known to be abundant in many natural habitats [26] , it is still unclear how important they may be as drivers of bacterial diversity. Laboratory studies have shown that phage populations can adapt rapidly and specifically to target bacterial hosts [27] ; a process that is further shaped by heterogeneous environmental conditions [28 -30] . However, bacterial resistance to co-occurring phages is widespread in natural populations [31] , suggesting either that phage-mediated selection for host resistance is high or that phages are not adapting to bacterial hosts. This latter explanation is less likely given recent work showing phage adaptation to local bacterial populations in natural populations in the soil [32] and in the plant phyllosphere [33] .
Bacterial resistance to phages can evolve via a number of different mechanisms, which vary in their specificity. For example, both clustered regularly interspaced short palindromic repeats (CRISPR)-mediated suppression of viral reproduction and modification of phage attachment sites are typically specific [34 -36] , whereas complete loss of receptors [22] or overproduction of exopolysaccharides, such as alginate [37] , are likely to be more general. Many of these resistance mechanisms impose a significant fitness cost [22, 38, 39] , but these costs can vary across environments and the degree of competition for resources [40, 41] . Given the potential use of phages as biocontrol against pathogenic bacteria, a clear understanding of costs associated with evolved resistance could lead to more effective management strategies and the design of potent phage 'cocktails' against which resistance is too costly to maintain in the absence of treatment [42 -44] .
We use experimental evolution between the plantpathogenic bacterium, Pseudomonas syringae, and naturally occurring lytic phages to test the prediction that hosts evolving with multiple parasites pay larger fitness costs (assayed as decreased population growth) for evolved resistance than hosts evolving with a single parasite. We find that while hosts in single-parasite environments are able to evolve resistance in an apparently cost-free fashion, hosts in multiple-parasite environments pay a significant cost of resistance that is not clearly associated with an increased cross-resistance to novel parasites.
METHODS (a) Experimental evolution
We examined the evolution of bacterial resistance to multiple parasitic bacteriophages using the plant-pathogenic bacterium, P. syringae pathovar (PV) tomato, and four lytic phages from environmental samples (isolated from disparate locations and sources and donated by OmniLytics Inc., Sandy, UT, USA). Pseudomonas syringae is a gram-negative, rod-shaped bacterium that has polar flagella and is known to induce disease symptoms on tomato plants. Replicate host lines of bacteria were generated from freezer stocks of three previously characterized P. syringae pv tomato strains: DC3000 [45] , PT23 [46] and 08241 (from Christine Smart, Cornell University). For each of these, we isolated three individual colonies to generate replicate experimental populations that were initially genetically homogeneous. Each replicate population was then split into nine selection lines: one no-phage control, four single-phage treatments, and four multiple-phage treatments (figure 1).
We generated six independent phage inocula by first amplifying each phage clone through a separate strain of P. syringae pv tomato (A9 from Christine Smart, Cornell University) and then using this host to estimate phage densities of each inocula. This was done by spotting a dilution series of each phage inoculum in a grid formation onto a lawn of the host bacterium, grown in soft agar (King's medium B (KB); 10 g l -1 glycerol, 20 g l -1 proteose peptone no. 3 (Becton Dickinson UK Ltd.), 1.5 g l -1 K 2 HPO 4 . 3H 2 O, 1.5 g l -1 MgSO 4 . 7H 2 O and 0.6% w/v agar). Phage plaque formation within each spot was compared with bacterial growth across the lawn, and counted at the dilution for which individual plaques were visible. Using these estimates, we then diluted each inoculum to approximately 1000 plaque forming units per microlitre and measured the infectivity of each inoculum against a panel of 12 independent laboratory strains of P. syringae, representing six different pathovars (data not shown). Based on these infectivity profiles, we confirmed that the six phage inocula were phenotypically different from one another in terms of host range and that each was infective to the three focal bacterial genotypes used in experiment. Four of these phage inocula were then haphazardly chosen for use in experimental evolution (figure 1), while the other two were later used to estimate cross-resistance of each population to novel phages. We initiated the experiment by adding 50 ml of each replicate bacterial host (grown overnight in KB broth at 288C) into individual Eppendorf tubes containing either phage or phage-free buffer (M9; 1 mM thiamine hydrochloride, 0.4% glycerol, 0.2% casamino acids, 2 mM MgSO 4 , 0.1 mM CaCl 2 ) and 1 ml of soft KB agar (0.6% w/v), cooled to 408C. Tubes were vortexed and incubated for 48 h at 288C. For the single-phage treatments, 3 ml of inocula was added and for the multiple-phage treatments, 1 ml of each of three inocula was added (according to treatment; figure 1). After 48 h, lines were transferred to new Eppendorf tubes, containing 50 ml of buffer and the appropriate phage treatment as described above, by taking five individual stabs of soft agar from each tube with a 100 ml pipette tip and adding it to buffer in the new tube. Cooled soft KB agar was then added and lines were vortexed and incubated for another 48 h. This process was repeated eight more times.
(b) Cross-inoculation experiment We ended the experiment after the ninth experimental transfer (at approx. 130 bacterial generations). At that time, we sampled each line by taking five stabs, as described previously, and plated a dilution series of the bacteria on hard KB agar (1.2% w/v) to isolate 12 individual colonies (randomly chosen) from each replicate population. We then measured the resistance of six individual bacterial isolates (chosen at random from the 12 colonies) to each of the four phages used in the experiment, as well as the two additional phages to which none of the bacteria had been exposed (as described previously). Specifically, we sought to compare resistance to sympatric phages, with which a given bacterial population had been evolving, with resistance to allopatric phages to which the population had not previously been exposed. We measured resistance by examining growth of a small sample of each bacterium that had been streaked across a line of phage. Where growth was inhibited, we characterized the bacterial isolate as susceptible to the given phage. This allowed us to estimate the proportion of individuals within each population that had evolved resistance to each phage and to test for specific versus general resistance of bacterial lines.
(c) Bacterial fitness measures At the beginning and again at the end of the experiment, we quantified growth of replicate bacterial populations in the presence and in the absence of each of the phages. We analysed fitness of each bacterial population in two ways: (i) using population growth rate (i.e. maximal rate of change in optical density (OD) during the log growth phase, V max (mOD min -1 )) and (ii) estimating final bacterial densities after 24 h. This was done by taking optical density measurements at 600 nm using a microplate spectrophotometer (Molecular Devices SpectroMax M2e). Measurements were taken every 5 min at an incubation temperature of 248C with 5 s shaking prior to each read over 24 h. For the ancestral growth experiment, we combined 10 ml of a diluted overnight (1 : 1000) of each ancestral bacterial strain and either buffer (no-phage control) or 3 ml of phage inocula to 150 ml of KB broth in a 96-well plate.
We measured growth rates of the evolved lines by inoculating into a single tube all 12 individually isolated bacterial colonies per line (to separate the bacteria from any phages left in the sample), growing them overnight in KB broth, and diluting each 1 : 1000 to initiate the growth experiments as described above. Growth plates were blocked such that one of each of the three replicate populations per bacterial strain and treatment was used in each run, with a total of three separate runs.
(d) Statistical analyses All analyses were run using PASW STATISTICS v. 18, RELEASE v. 18.0.3. We checked the suitability of our measure of quantitative resistance using Spearman rank order correlation to compare the proportion (out of six colonies tested) of resistant individuals from each experimental population with the growth rate of that population in the presence of sympatric phage (averaged across three sympatric phages for the multiple-phage treatment). We next compared evolved resistance across treatments using generalized linear models with binomial errors and controlling for overdispersion. We first examined the total resistance evolved to each of the six phages tested using the number of resistant bacterial colonies, out of the six tested, as the dependent variable and including as categorical factors in the model: bacterial genotype, experimental replicate nested within genotype, phage identity (i.e. the type of phage crossed with each bacterium), and selection regime. We then used planned contrasts, controlling for multiple comparisons using the sequential Sidak method, to compare the resistance evolved among the three selection regimes. We next examined the specificity of evolved resistance to sympatric versus allopatric phages using this model with the addition of phage sympatry as a categorical factor. The no-phage control populations were excluded from this latter analysis as they had no associated sympatric phages. For confirmation, we also ran both analyses as linear mixed models with proportion of resistant colonies as the dependent variable, experimental replicate included as a random factor, and bacterial strain treated as a fixed factor, as each represents an independently isolated laboratory strain and does necessarily represent natural diversity.
Finally, we compared the fitness of each population in the absence of phage by running general linear models across the three treatments for both continuous variables, growth rate and final density, using the mean of two runs. These analyses included bacterial genotype and phage treatment as fixed effects and replicate nested within genotype as a random effect. Planned comparisons among the selection regimes were run using least significant difference tests. In addition, we compared the breadth of resistance (i.e. the proportion of phages to which individuals from each line were resistant, averaged across individuals within a population and arcsine square root transformed) to population fitness using an analysis of covariance. Either population growth rate or final density was the dependent variable, bacterial genotype was a fixed effect, bacterial replicate was a random term, and breadth of resistance was the covariate.
RESULTS
At the start of the experiment, the presence of phage significantly decreased the final density, but not the growth rate, of each ancestral bacterial population. There was no significant difference among the four phages in their effect on bacterial growth rate (see the electronic supplementary material for details; figure S2 ). The presence of phage in the environment also significantly changed the relative fitnesses of the three bacterial genotypes, whereby the ancestral strain that grew the best in the absence of phage did not have a competitive advantage in the presence of phage (electronic supplementary material, figure S1 ).
(a) Evolution of resistance to phages Over the course of the experiment all lines that had evolved in the presence of one or more phages showed increased resistance (figure 2). Our quantitative measure of resistance was a good predictor of how well each population grew in the presence of phage, as there was a strong positive correlation between the proportion of resistant individuals in a given population that were resistant to their sympatric phages and the final population density achieved in the presence of those phages (r ¼ 0.477, n ¼ 72, p , 0.001; excluding control populations because they did not have sympatric phages). The proportion of resistant bacteria was also positively correlated with the maximum growth rate of populations in the presence of sympatric phage (r ¼ 0.545, n ¼ 72, p , 0.001).
Bacterial populations under phage-mediated selection were significantly more resistant to phages than were the no-phage control lines, and the bacterial genotypes differed significantly in their response to selection (table 1 and figure 2). For those bacterial populations evolving with one or more phages, bacterial hosts evolved a specific resistance to their sympatric phages that was higher than the evolved resistance to allopatric phages (figure 3). However, there was no overall difference between bacteria from single-and multiple-phage treatments either for their overall resistance to phage or in terms of the specificity of their evolved resistance to sympatric versus allopatric phages (table 2) . The conclusions drawn from both of these statistical analyses were not changed when conducted using general linear models with proportion of resistant colonies as the dependent variable.
(b) Costs of resistance examined in the absence of phage We tested for costs associated with evolved resistance by comparing population growth of all bacterial lines in a phage-free environment and found that bacterial fitness differed among the three selection regimes (figure 4). There was a significant effect of both bacterial genotype (F 2,10 ¼ 9.318, p ¼ 0.005) and selection regime (F 2,66 ¼ 7.202, p ¼ 0.001) on the final population density achieved, but no interaction between the two (F 4,66 ¼ 1.798, p ¼ 0.140). The bacterial populations evolved in the presence of multiple phages grew less well than either the control populations (p ¼ 0.004) or the populations evolved in the presence of single phages (p ¼ 0.002). There was no significant difference between the no-phage and single-phage treatments (p ¼ 0.313). Similarly, there was a significant effect of bacterial genotype (F 2,17 ¼ 18.050, p , 0.001) and selection regime (F 2,66 ¼ 6.041, p ¼ 0.004) on bacterial growth rate, but no interaction between the two (F 4,66 ¼ 1.078, p ¼ 0.374). Again, bacterial populations evolved in the presence of multiple phages grew less well than either the control populations (p ¼ 0.021) or the populations evolved in the presence of single phages (p ¼ 0.002). There was no significant difference between the nophage and single-phage treatments (p ¼ 0.713). Thus, both estimates of population fitness suggest that the nophage and single-phage treatments grew just as well as one another but better than populations evolving with multiple phages.
Given the degree of cross-resistance attained during experimental coevolution in both single-and multiplephage treatments, we did not expect a simple relationship between the breadth of resistance and the cost associated with resistance. Nevertheless, we directly tested for this Costs of multiple resistance B. Koskella et al. 1899 relationship by comparing the breadth of resistance, measured as the proportion of phages (out of the six tested) to which each bacterial line was resistant, with bacterial fitness. Bacteria with greater breadth of resistance were significantly less fit with regard to final population density than those with narrower resistance (F 
DISCUSSION
We set out to test whether evolving resistance to multiple parasites simultaneously was less likely and/or more costly than evolving resistance to a single parasite. Using experimental evolution of bacteria and phages, we found that hosts in heterogeneous parasite environments pay a higher cost for their evolved resistance than hosts in single-parasite environments (figure 4), without gaining an increased general resistance against novel parasites ( figure 3 ). Bacterial populations from multiplephage environments were able to evolve specific resistance to their sympatric phages just as readily as populations from single-phage environments, and individuals from both treatments showed a strong degree of cross-resistance to novel, allopatric phages ( figure 3) . Thus, although the bacteria from multiple-phage environments evolved a somewhat greater breadth of resistance, and may have paid accumulating costs of specific resistances, they were no more resistant to novel phages than those from singlephage environments. This suggests that phage-mediated selection led simultaneously to specific resistance against local parasites and to an increased general resistance, which may be less effective overall but that inadvertently protects against novel phages. This specific resistance supports previous evidence that parasites are important for shaping diversity as host populations diverge from one another in response to local parasite-mediated selection [4, 6, 7, 12, 22, 47] .
There is a great deal of empirical work documenting that bacterial resistance to local phages can evolve over very short timescales [27, 30, 35] . Although the exact mechanism of resistance in our experimental populations is unknown, one likely explanation given the high degree of cross-resistance observed is that the phages are binding to the same molecule on the bacterial surface. Thus, selection for resistance to one phage-type would lead to alteration or loss of specific receptors and, as a consequence, also confer resistance to the other phages [13, 24, 35] . However, given that the cross-resistance observed was not as strong as the specific resistance evolved, the phages must be binding to the receptors in slightly different ways. Alternatively, phage-mediated selection might have led to both a general resistance mechanism (such as alginate production [37] ) that confers resistance to allopatric phages and a more specific resistance (such as restriction modification or CRISPRrelated interference [34] ) that confers resistance to the sympatric phage. The fact that we only observed fitness costs associated with resistance in multiple-phage environments is consistent with the accumulation of multiple costly resistance mutations, each conferring specific resistance to sympatric phages. This interpretation is also supported by the observed negative correlation between breadth of resistance and population fitness. However, an alternative explanation is that decreased population size of bacterial hosts in multiple-phage environments led to a decreased efficacy of selection (i.e. lack of compensatory mutation owing to fewer mutational events and increased drift). A similar argument has been used to explain the decreased cost of antibiotic resistance in bacterial populations with higher migration rates [48] . Either way, the costs are associated with evolutionary change in response to parasites and, given that each population was started from a single individual bacterium, represent the effect of mutational change rather than selection on standing variation. Previous work examining epistatic interactions among bacterial resistance mutations in Escherichia coli evolved against each of two phage types found that resistance to both phages simultaneously was more costly than resistance to each phage individually, but less costly than expected under an additive model (although this result was highly dependent on the assay environment) [38] . Similarly, previous work on the evolution of multiple antibiotic resistance has documented strong synergistic epistasis among alleles that confer resistance in E. coli [49] and antagonistic epistasis between resistance mutations in Pseudomonas aeruginosa [50] .
There has been a large focus on the fitness costs associated with resistance for two primary reasons. First, costly resistance would help explain the tremendous diversity of defence strategies seen in natural populations and the often polymorphic resistance phenotypes observed against local parasites [51, 52] , and second, understanding the costs of resistance to parasites (and to phages in particular) can help inform predictions about the evolution of a pathogen's resistance to drug treatment. The use of phage cocktails to treat disease has received a good deal of attention [43, 53] and there is some evidence that using multiple phages reduces bacterial population sizes more effectively than single-phage treatment [42, 44] . Our results add to this by suggesting that, although resistance is just as likely to evolve against multiple phages, the use of phage cocktails could select for resistant mutants that are less fit and thus more likely to be lost over time (especially once treatment is removed) than the use of single phages. In addition, we found no evidence that using multiple phages would select for a more general resistance mechanism against future, novel phages. Together with previous work showing how variation in host resistance is shaped for populations coevolving as a geographical mosaic [30, 54] , it is clear that evolution of host resistance will depend on environmental heterogeneity, the diversity and strength of antagonistic pressures faced by local populations, migration rates and the local diversity of parasite populations.
Not all studies examining costs of resistance have found evidence for them; a review of resistance tradeoffs across 88 plant studies found that only about half of the data suggest costs of resistance [19] and a review across 31 arthropod studies found that less than twothird of studies document significant costs of resistance [20] . The incongruent results among studies could be explained by the presence of relatively cost-free mechanisms of resistance in some systems, the difficulty in measuring fitness under laboratory conditions or the context-dependent nature of trade-offs. For example, some studies find evidence for costs of resistance when examining relative fitness (e.g. comparing population growth of resistant and susceptible genotypes when put in direct competition), but no evidence for costs associated when comparing absolute fitness of the two [5, 13] . In addition, mutations conferring resistance might only be costly in the short-term, becoming relatively cost-free as compensatory mutations accumulate [39, 40] . Our work suggests a third possibility: that costs associated with resistance to a single parasite might not be generalizable to more complex parasite pressures, and thus that tradeoffs might be more common than previously thought once natural parasite diversity is incorporated.
In addition to the evolutionary implications of these results, they support a direct effect of phages on relative fitness of bacterial hosts; the three bacterial genotypes chosen for this experiment initially differed in terms of their fitness relative to one another, with bacterial genotype 'C' having a clear advantage in the absence, but not the presence, of phages (electronic supplementary material, figure S1 ). This adds to a long-standing body of work on how parasites can alter competitive interactions among host genotypes and species [55, 56] and be critical determinants of population and community composition [39, 57, 58] . In addition to this direct effect of phages on relative fitness, our results also indicate that the outcome of phage-mediated selection differed among the bacterial genotypes examined, and therefore that phages can play an important role in shaping competitive interactions among hosts over coevolutionary timescales.
In conclusion, our work adds to the growing evidence that costs of resistance are context-dependent by demonstrating a key role of parasite diversity in shaping the fitness-resistance trade-off. Evolutionary costs have previously been shown to vary across environments, such as differing levels of resource availability [13] , increasing biotic complexity [59] , extreme weather conditions [18] or across temperatures [41, 60] . Our results illustrate that the (co)evolutionary history of a population can also have significant impact on the observed trade-off between resistance to parasites and fitness. The increased cost of resistance was clearly linked to the evolutionary history of the bacteria (i.e. whether the bacteria was evolving with single or multiple phages) but was not as clearly related to the absolute degree of resistance attained given the large amount of cross-resistance observed. Thus, studies in which coevolutionary history is not taken into account might miss an important trade-off, as it is masked by the contemporary ecological pattern. Taken together, our results show that resistance against multiple phages is just as likely to occur as resistance against single phages, is
Costs of multiple resistance B. Koskella et al. 1901 not clearly associated with an increased general resistance, and may in fact carry higher fitness costs to the host.
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